-Odor Recipe -
An odor recorder is an instrument capable of determining the qualitative and quantitative composition of the target smell (e.g. apple), so called odor recipe. A variety of smells can be generated by blending multiple odor components; an odor recorder can reproduce smells as well as record them so that the sensor array output pattern of the blended odor can match that of the target odor. Although the range of smell to be recorded has been so far limited, this work enhances that range using mass spectrometry without GC. We proposed the algorithm to select appropriate odor components among huge number of candidates. We applied this proposed algorithm experimentally for reproducing different eight fruit flavors using odor components selected from our laboratory database, composed of recorded mass patterns of 190 components. The procedure for recipe estimation is shown in Fig. 1 . In this study, apple, lemon, banana, orange, strawberry, melon, peach, and grape were successfully reproduced according to the estimated recipe.
The odorants candidate used in this study are volatile organic compounds (VOC's) frequently available in fruit flavors, such as esters, alcohols, aldehydes, organic acids and lactones. The equipment used here is GCMS Shimadzu, without coating. EI (Electron Ionization) 70eV was used as ionization method. Figure 2 shows the mass spectrum of the apple flavor. m/z is arranged in the descending order of magnitude. Black and white portions in the bar mean the mass pattern for actual apple flavor and estimated one using our estimated method respectively. Here the estimated mass pattern was obtained from the sum of the pure mass spectra weighted with the estimated ratio using superposition theorem. In Figure 2 , the mass spectrum reconstructed from pure mass spectra of odor components and the actual mass pattern for apple agreed with the measured one. For clarity, intensity is divided into three different levels. Higher and medium intensity level, the both mass pattern agreed with each other while the deviation was observed at lower intensity level due to noise.
In order to evaluate the similarity between the approximated flavor and the target one, the sensory test (triangle test) was performed. Sensory test revealed that the smell blended according to the estimated recipe by our proposed method was almost the same as the actual one. The artificial flavors such as apple, banana, orange, strawberry, peach, lemon, grape and melon were successfully approximated with the smallest possible number of its constituents. Moreover, even if the less contributed components in mass spectra are eliminated from the estimated recipe, the flavor remains almost similar to that of the target one. The residual error strongly depended on the number of eliminated components with less contribution in mass spectrum. Mass spectrometer data for Apple flavor with actual and estimated recipes consist of 9 and 27 components respectively, a) higher intensity region, b) medium intensity region and c) lower intensity region
Introduction
Smell is very important in food, beverage, cosmetic and environmental testing industries. Thus, an odor sensing system composed of a sensor array and pattern recognition technique has been developed (1) . We have studied the odor recorder for recording and reproducing smells that can match that of the target odor for several years and tried to extend the recordable range of odor (2) - (8) .
Since linear superposition of a mass spectrum pattern is valid for two or more component mixture, a mass spectrometry may enable the recipe determination of a multi-component odor easily. Moreover, the collinearity problem can be reduced by the mass spectrometry. Thus, we proposed previously the selection method of appropriate odor components among enormous number of candidates (8) . We determined the recipe of a multi-component odor for its reproduction. Although we have succeeded in recording smells of various fruit flavors (4) with limited number of components, the recordable range should be further improved. GC/MS is a standard technique to analyze gases. However, it takes much time to obtain the result. Since the stable outputs are obtained from the mass spectrometer, it is possible to accumulate large amount of the data easily without any influence such as humidity, temperature etc. When we regard the output at each m/z as sensor output, the data from a few tens or a few hundreds of sensors can be easily obtained. Moreover, fragment ions produced during the ionization, offer us a variety of mass spectra when EI (Electron Ionization) method is adopted. Thus, the pattern recognition of the mass spectrum without gas chromatography was performed to discriminate among samples (4) (7) . Moreover, the mixture composition of several compounds was quantified using mass spectrometry (5) .
In the present study, we focused on mass spectrometer without gas chromatography. We demonstrated that different kind of flavors composed of various components could be quantified using MS (6) . However, the recipe should be estimated even if huge numbers of candidates of odor components are available. The important point is to select appropriate odor component among huge number of candidates in database. The estimation error was too large when too many odor components were used to estimate recipe. Thus we proposed the algorithm for selecting appropriate odor components by minimizing the error.
Sensory test is important to evaluate smells in food, beverage and cosmetic industries. Thus, we actually evaluated the blended samples according to the estimated recipe using the sensory test.
In this paper, the method of selecting the most appropriate components among huge numbers of candidates was applied to eight different fruit flavors from our measurement database, followed by the sensory-test evaluation.
Experimental
The odorant candidates used in this study are volatile organic compounds (VOC's) frequently available in fruit flavors, such as esters, alcohols, aldehydes, organic acids and lactones. They are often diluted with acetone to adjust their concentration for measurement. The equipment used here is GCMS (Shimadzu, QP-5050A). Only the part of mass spectrometer was used since the column in the GC portion has no coating. EI (Electron Ionization) 70eV was used as ionization method. The carrier gas was He and the scanning period was 0.5 second. The column temperature was kept at 250 o C. The injection port and the detector temperature were kept at 300 o C. m/z used was within the range between 10 and 250. In our all analysis the main peaks (43 and 58) of the solvent (acetone) are omitted to avoid influence caused by acetone. The auto-sampler (AOC-5000, Shimadzu) was used for the Paper sample injection. The injection volume was 1 µl and acetone was used for cleaning its syringe. Each sample was measured ten times. All samples are diluted in acetone with a ratio of 25%. For a better performance of MS, acetone is used as a sample twice between measurements of different samples. The measurement result is the relationship between time and the detector output for each m/z. The net detector output at each m/z was integrated over time to obtain the mass spectrum. An example of TIC (Total Ion Chromatogram) relationship between time and the intensity integrated over m/z is shown in Fig. 1 (a) when propionic acid is used. The output appears around 1.1 min due to the delay of the column without coating. Mass pattern of propionic acid is shown in Fig. 1(b) . A variety of fragment ions obtained at ionization were observed. For sensory test, triangle test was performed. The two target samples and one sample with recorded recipe were prepared in the liquid phase. First, a subject sniffs the smells of all three samples (both part of target and blended). Then, the subjects are required to pick up different one among three samples. 10 subjects (students in our laboratory) joined the sensory test.
Principles and Method
The overall recipe estimation method is shown in Figure 2 .
Calculation Using Constrained Linear Least Squares

Method
Although linear superposition theorem is not valid in many gas sensors, it is well known that, that theorem is valid in MS. Thus, the linear least squares method was used here. Moreover, the constrained linear least squares method was used considering that the concentration of any odor component should not be negative.
Let under the condition that no element in x is negative. m is the dimension of the mass spectrum and n is the number of odor components. The calculation was performed based upon the optimization algorithm using matlab (Mathwork Inc.).
Proposed Method of Estimating Odor Recipe
We proposed a method of selecting odor components among large number of candidates using the following procedure.
1. Eliminate the candidates with nonzero m/z which the target odor does not include. ( Step 1 is performed only in the simulation).
2. The constrained least squares method is applied to remaining odor components. The odor components with the ratio less than 10% to the total amount are removed. This step is repeatedly performed until the number of remaining odor components is less than 40.
3. At step 2, there is possibility that the odor components actually included are removed. Thus, an odor component removed at step 2 is temporally added to the set of remaining odor components again and the constrained least squares method is applied to that set. After this procedure is performed for all the odor components removed at step 2, the odor component with the minimum residual error among them is determined to join the set of the remaining odor components.
Step 3 is repeatedly performed until the minimum residual error increases.
Results and Discussion
Recipe Estimation Using Measurement Database
The actual data of 190 candidates were taken using the mass spectrometer in our laboratory. These data were used to estimate the odor recipe. Although the database data in a library were similar to the actual measurement data, they were not exactly the same even if the same ionization energy was used. Moreover, the actual data includes the noise due to the measurement error. Thus, we estimate recipe experimentally using our laboratory database.
In this study, apple, lemon, banana, orange, strawberry, melon, peach, and grape were used as target odors. For all the target odors and odor components, the average over 10 data were used to estimate the recipe. Same method proposed in section 3.2 is used for estimate recipe using our laboratory measurement database. Since the number of odor candidates was just 190 and that is small compared with the simulation, step 1 was skipped. The estimated recipe for apple flavor is shown in Table 1 . The number of remaining odor components and the residual error is shown in Figure 3 as a function of number of iterations. The number of odor components gradually decreased together with residual error. The number of remaining odor components was 40 at the end of step 2. At step 3, the residual error was minimized since the odor components incorrectly eliminated were added at this step. The constrained least squares method was totally 133 times performed at step 3. The recipe of the apple flavor was finally obtained after step 3 as is shown (only the components over 0.01%) in Table 1 . The error of the estimated recipe was found within 6%. Figure 4 shows the mass spectrum of the apple flavor. m/z is arranged in the descending order of magnitude. Black and white portions in the bar mean the mass pattern for actual apple flavor and estimated one using our estimated method respectively. Here the estimated mass pattern was obtained from the sum of the pure mass spectra weighted with the estimated ratio using superposition theorem. In figure 4 , the mass spectrum reconstructed from pure mass spectra of odor components for apple agreed with the measured one. For clarity, intensity is divided into three different levels. Higher and medium intensity level, the both mass pattern Fig. 3 . Number of odor component selection and residual error with different number of calculation using the procedure described in proposed method. Fig. 4 . Mass spectrometer data for apple flavor with actual and estimated recipe consist of 9 and 27 components respectively, a) higher intensity region, b) medium intensity region and c) lower intensity region. agreed with each other while the deviation was observed at lower intensity level due to noise. The degree of pattern matching of target fruit flavor with estimated mass pattern for eight fruit flavors are shown in Table 2 . The order of the residual error for other flavor is similar. Table 2 indicates that, that pattern matching is similar to apple's case when other flavors are used.
Approximation of Estimated Flavors
For recipe estimation of flavors, the range of recorded MS database of candidates for the instrument should be broadly expanded. At the same time, the number of components making the flavors should be suppressed. Thus, optimally, the broadest possible range of the flavors should be realized using the smallest possible set of components. The range of the MS database range is currently increasing in our laboratory. Approximation of the artificial flavor using the smallest possible number of components is one of the research objects in this paper. The approximation technique allows suppressing the number of flavor components with minimum deterioration in quality of its smell.
We successfully calculated recipes for apple, banana, orange, strawberry, peach, lemon, grape and melon flavor. The numbers of estimated components for these flavors were found very large. For example, 27 components were found to estimate apple recipe (Table 1) .
To We studied the approximation by omitting the components with r i less than r. The residual error strongly depended on the number of eliminated components with less contribution in mass spectrum. Figure 5 shows a relationship of residual error and r in case of apple. As r becomes larger, the residual error increases. We found that for a certain value of r the residual error changes abruptly. That is, there is a threshold value for r. No significant change was found for apple, when the components of r i less than 1% were omitted. This threshold value of r should be confirmed by sensory test. For different flavor this threshold value might be different.
For other flavor rather than apple, the values of r were found from 0.25-0.5%. Figure 6 shows the actual mass spectrum and approximated mass spectrum when the components of r i less than 1% were omitted. m/z is arranged in the descending order of magnitude. Black and white portions in the bar mean the mass pattern for actual apple flavor and approximated one. Both mass patterns agreed with each other while a little deviation was observed at lower intensity level due to noise. Figure 6 is constructed by the actual and estimated recipes of 9 and 13 components respectively. Except noise level intensity, the actual and approximated mass pattern fit with each other.
By omitting components less than 0.25, 0.5 and 1%, only 22, 16 and 13 components were found respectively for apple recipe with increases of residual error. Other flavors are approximated in the same way. The approximated numbers of components are summarized in Table 3 .
Sensory Test
In order to evaluate the similarity between the approximated flavor and the target one, the sensory test (triangle test) was performed. Three samples composed of target and blended were prepared. 8-10 subjects (students in our lab) were required to pick up one different from other two. Selection rate of apple flavor was 56% (5/9) whereas 33% means the highest similarity. Sensory test revealed that the smell blended according to the approximated recipe for 1% was almost the same as the actual one. Sensory test results for other flavors are shown in Table 4 . For approximated apple, since two smells were very similar, a half of them picked up the target one while other half of them picked up the sample with the recorded recipe. We found that the recorded smell was close to the target one. Thus, it was stated that the artificial flavor was successfully approximated with the smallest possible number of its constituents. Sensory test from approximated recipe indicate that, for apple, banana, strawberry, melon, orange and grape, we can approximate the recipe by omitting components less than 1%, for peach 0.5% and for lemon it is better to include all components instead of approximation.
Conclusions
We studied the MS-based odor recorder. The recipe of smell was correctly estimated using constrained least squares after appropriate odor components were selected. We proposed the method to select odor components among huge number of candidates using constrained least squares method iteratively. We applied this proposed algorithm in experiment for reproducing eight different fruit flavors. The eight types of flavors were successfully blended using odor components selected from our laboratory database, composed of recorded mass patterns of 190 components. Finally, sensory test revealed that the smell blended according to the estimated recipe using this proposed method was almost the same as the target one. Moreover, even if the less contributed components in mass spectra are eliminated from the estimated recipe, the approximated flavor remains almost similar to that of the target one. 
